The coupling of the reaction of a tightly bound ubiquinone with the reduction of O 2 in cytochrome bo 3 of Escherichia coli was investigated. In the absence of the quinone, a strongly diminished rate of electrocatalytic reduction of oxygen is detected, which can be restored by adding quinones. The correlation of previous EPR data with the electrocatalytic study on mutations in the binding site at positions, Q101, D75, F93, H98, I102 and R71 reveal that the stabilization of the radical is not necessary for the oxygen reaction. The Q101 and F93 variants exhibit both well-defined catalytic i-V curves, whereas D75H, H98F, I102W and R71H exhibit broad i-V curves with large hysteresis pointing toward a strong alteration in their catalytic activity.
The cytochrome bo 3 ubiquinol oxidase from Escherichia coli is a member of type A-1 heme-copper oxidase superfamily [1, 2] . The main function of this enzyme is to generate a proton motive force through the translocation of four H + from the negative (N) side of the membrane to the positive (P) side and to catalyze the four electron reduction of O 2 to H 2 O. The enzyme is constituted of four subunits. Subunits I, II and III are homologous to the corresponding subunits of mitochondrial cytochrome c oxidase (CcO). The low spin heme b and the binuclear active site, which is composed of high-spin heme o 3 and Cu B ion, are all located in subunit I. Heme b and heme o 3 in cytochrome bo 3 correspond to heme a and heme a 3 in CcO. Unlike CcO, cytochrome bo 3 does not contain a Cu A center in subunit II and it uses membrane-bound ubiquinol-8 (UQ 8 ) as electron donor. The electrons are directly transferred from the ubiquinol to the low spin heme b and then to the binuclear center where O 2 is reduced. The overall catalytic reaction can be summarized by the following reaction:
It was initially suggested that the ubiquinone binding site could be located at the same position as the Cu A center found in CcOs [3] . Site-directed mutagenesis and the X-ray structure of the enzyme did not support this hypothesis [1] . Subsequently, numerous experiments have suggested that there might be two ubiquinone binding sites in cytochrome bo 3 , a low affinity site and a high affinity site, Q L and Q H [3, 4] . However, recent studies have concluded that there is only one ubiquinone binding site, corresponding to what had been referred to as the high affinity (Q H ) site and it is located in subunit I [5, 6] and can stabilize a ubisemiquinone radical (SQ) [7] .
On the basis of the crystal structure, mutagenesis and spectroscopic studies, residues participating to the quinone binding site have been identified (Fig. 1) . Sitedirected mutations of D75, R71, H98 and I102 resulted in the total loss of the quinol oxidase activity [1, 8] , whereas most of Q101 mutants retain a partial activity [1, 6] . D75 has been suggested to act as a proton acceptor from the quinol [1, [8] [9] [10] [11] [12] . Further residues in the vicinity seem to be important for quinone binding, including F93 [13] . In all of the mutants the ubiquinone remains bound to the protein regardless of whether the enzyme is active or not.
The electron transfer in heme-copper oxidases has been extensively studied and it has been shown that the four electron delivery to O 2 is a multiphasic process [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Here, we focus on the role of the bound ubiquinone and its binding site in direct electron transfer (DET). DET can be studied after immobilization of the enzyme on the surface of an electrode [28] [29] [30] [31] [32] . The characterization of cytochrome bo 3 incorporated into tethered bilayer lipid membranes (tBLMs) formed on the surface of gold electrodes and included 0.3 mass per cent of UQ8 which has been previously reported [33, 34] . Alternatively, DET can be achieved for wild type cytochrome bo 3 immobilized on thiol-modified gold nanoparticles [35] . The use of gold nanoparticles allows the immobilization of a large amount of the enzyme, and the unique electrical properties of gold nanoparticles lead to efficient electron transfer rates between the electrode and the redox active cofactors.
Materials and Methods

Protein sample preparation
Cell growth and cytochrome bo 3 purification were performed as previously reported [36] . Purified proteins were washed and concentrated in 50 mM potassium phosphate buffer (KPi) containing 0.05% n-dodecyl-b-D-maltoside (DDM) at pH 7.5. For quinone extraction, the purified enzymes were mixed with a methanol/petroleum ether solvent mixture and centrifuged in order to remove the tightly bound quinone from the sample [27] . Extracted ubiquinone was collected from the upper layer and the remaining protein mixture was washed with the same solvent two more times. As shown previously [36] , the tightly bound quinone is not necessary for the structural integrity of cytochrome bo 3 .
Site-directed mutants at the high affinity quinone binding site were obtained following a previously described mutagenesis protocol [37] . All mutant proteins were eluted in 50 mM KPi, 150 mM imidazole and 0.05% DDM at pH 7.5. Samples were concentrated as described previously to the final concentration of % 200 lM and rapidly frozen in liquid nitrogen before storing them at À80°C. Steady state oxygen reduction specific activities of all the Q101, F93 and D75 mutant enzymes were measured ( Table 1) . The presence of ubiquinone in the protein samples was determined either by extraction followed by HPLC chromatography [6] or by electrochemically induced FTIR difference spectroscopy [38] and corresponds to 1.2-1.7 per protein.
Protein film voltammetry
The enzymes were immobilized on electrodes modified with gold nanoparticles of 15 nm average diameter, following a procedure previously described [39, 40] . The gold NPs were prepared by the procedure of Turkevich et al. [41] and Frens [42] . Briefly, a solution of HAuCl 4 (49 mg) in 125 mL of water was boiled, and subsequently a solution of sodium citrate (143 mg in 13 mL of water) was added. The solution was kept under boiling for 15 min. The mean size of the nanoparticles was controlled by UV/Visible spectroscopy from the ratio of the absorbances at 521 and 450 nm. The gold NPs were then drop-casted on the surface of a commercial gold disk electrode. The surface area of the nanostructured electrodes was estimated to be around 20 cm 2 by integration of the reduction peak at 1.1 V in the cyclic voltammogram measured in 0.1 M H 2 SO 4 . The gold surface was further modified with a (1 : 1) mixture of 6-mercapto-1-hexanol and 1-hexanethiol. Five microliters of protein solution were then deposited on the electrode surface and left at 4°C overnight. The electrochemical measurements were performed in a standard three-electrode cell connected to a VERSASTAT 4 potentiostat (Princeton Applied Research, Oak Ridge, TN, USA). A 3 M KCl AgCl/Ag was used as reference electrode and a platinum wire as counter electrode. All the potentials mentioned here are referred to a standard hydrogen electrode. For studies in the absence of oxygen, the cell was flushed with argon for 30 min prior to the measurements. The turnover rates of the immobilized enzymes were determined by extrapolation at infinite rotation speed (i.e. when diffusion of the substrate O 2 is no longer rate-limiting) of the limiting current at À0.4 V. The reciprocal of the limiting current was plotted versus the reciprocal of the square root of the rotation speed (Koutecky-Levich plot) [43] [44] [45] . The maximum catalytic current i max was obtained at the intercept of the plot with the Y-axis. At high concentrations of substrate, i max and the turnover rate k cat are related according to the following simplified equation:
where n is the number of electrons exchanged with the substrate (here n = 4), F the Faraday constant, and C s the quantity of electroactive enzyme. The quantity of enzyme on the electrode was estimated by integration of the anodic signals in the absence of oxygen, which is attributed to the tightly bound ubiquinone-8. This is the main source of errors in the k cat determination. In order to minimize it, integration was averaged from six voltammograms measured at different scan rates.
Results and Discussion
Characterization of wild type cytochrome bo 3 and the effect of quinone removal Figure 2A shows In the presence of O 2 , a sigmoidal curve with an onset at +0.05 V and half-wave potential value of À0.19 V is observed. This behavior has been observed with other heme-copper oxygen reductases, including cytochrome aa 3 from Paracoccus denitrificans [40] , cytochrome ba 3 oxidase from Thermus thermophilus [40] and cytochrome cbb 3 oxidases from Pseudomonas stutzeri, Rhodobacter sphaeroides and Vibrio cholerae [46] and it is typical for the electrocatalytic reduction of O 2 . The limiting current at À0.4 V increases as a function of the electrode rotation speed, and follows a Koutecky-Levich relationship [47] (see Fig. S7 in supplementary materials ). An estimated value of k cat = 27 AE 5 s À1 can be given for the turnover of the immobilized enzymes (see also Materials and methods). The data are obtained for the turnover of the substrate, here oxygen, in order to compare with the activities obtained per electron; the value needs to be multiplied by four. This is still significantly lower that the activity of the enzymes in solution, which was reported to be as high as 1500 electrons s
À1
[5]. The decreased activity observed here could be due to immobilization of some of the proteins with a not suitable orientation for electron transfer and substrate access. The i-V curves of quinone-extracted cytochrome bo 3 in the presence (grey -dotted plot) and absence (black -dotted plot) of oxygen are shown in Fig. 2B . For a comparison with wild type protein containing quinone, see Fig. S2 in supplementary materials. A weak cathodic signal is observed in the absence of oxygen which transforms into a large, nonsigmoidal-shaped signal in the presence of oxygen. The electrocatalytic activity of the immobilized enzymes is, thus, altered when the tightly bound ubiquinone-8 molecule is removed from the Q H site, which confirms an important role of the bound quinone in mediating electron flow from the electrode to the bimetallic active site of the enzyme. Previous flow flash and stopped flow single-turnover studies on the kinetics of the reaction of O 2 with the fully reduced, quinone-depleted cytochrome bo 3 revealed that electron transfer is still possible without the bound quinone [48] .
When reconstituting the quinone-extracted protein with short tail ubiquinone substrates (Q 2 ) in moderate excess (1.5 equivalents of quinone per enzyme prior to immobilization on the electrode), the i-V curve changed noticeably. In the absence of O 2 (solid gray plot in Fig. 2B ), a cathodic peak is observed at À0.07 V along with a large reoxidation peak at +0.37 V. In the presence of O 2 , a superposition of a cathodic peak and a sigmoidal wave can be observed (solid black plot). Control experiments with Q 2 immobilized on the electrode in the absence of protein (see Fig. S3 in supplementary materials) exhibit only the cathodic and anodic peaks, but not the sigmoidal waves. The sharp peak is probably due to the excess of quinone, whereas the sigmoidal wave suggests that the electrocatalytic activity of the enzyme is recovered due to the presence of the short-tailed ubiquinone. Interestingly, the sigmoidal wave starts at the same potential as the reduction of the quinone, suggesting that the quinone is acting as a redox mediator. This is consistent with experiments performed previously, in which the oxygen reaction was measured using flow flash approaches for wild type cytochrome bo 3 and compared to enzyme isolated from an E. coli strain that lacks ubiquinone (ΔUbiA). In this previous work, the presence of UQ 1 completely restored the electrocatalytic turnover of the enzyme that lacked any bound ubiquinone-8 [49] . It is noted that the reactivation of the electrocatalytic activity of the protein is only observable for few cycles, suggesting that both of the short chain quinones is able to diffuse out from the binding site. Unfortunately, attempts to perform the reconstitution with the much more hydrophobic UQ 10 were not successful due to the detergent that is needed to solubilize the molecule. Table 1 summarizes the catalytic potentials and turnover values (k cat ) determined for the immobilized proteins as described in Materials and methods. For comparison purposes, the turnover numbers reported for the enzymes in solution using the conventional polarographic assay [50] are also shown. Supplementary materials show the detail of the dependence of the rotation speed together with the Koutecky-Levich plot (Figs S6 and S7) .
Two types of response can be distinguished in the presence of O 2 : (a) The wild type enzyme plus Q101A, Q101L, Q101N, Q101T and F93Y variants each exhibit good electrocatalytic performance and a welldefined sigmoidal i-V curve. The half-wave potential is downshifted by up to 40 mV for the mutants. Each of these mutants retains at least 10% Q 1 H 2 activity and very high Q 2 H 2 oxidase activity in solution. (b) The D75H, H98F, I102W and R71H mutants exhibit broad i-V curves with half-wave potentials shifted toward more positive potentials. The large hysteresis between the forward and reverse scan suggests that the catalytic contribution does not predominate, as revealed earlier from simulated catalytic curves [51] . Interestingly, the DET response for the second set of mutants resembles the data obtained for cytochrome bo 3 devoid of quinone (Fig. 2B) , despite the presence of UQ 8 in all of them. Each of these mutants lacks Q 1 H 2 and Q 2 H 2 activity in solution (see Table 1 ).
The simplest explanation is mutations that are most deleterious, D75H, H98F, I102W and R71H are unable to catalyze the oxidation of reduced ubiquinols even when they are present at the enzyme active site. The DET activity is likely mediated by initially reducing the bound ubiquinone and, therefore, is not observed with these mutations since the reducing equivalents go no further than the bound UQ 8 . On the other hand, the Q101A, Q101L, Q101N, Q101T and F93Y mutants retain some or most of the ability to oxidize bound ubiquinol at the site, but are less able to initially bind Q 1 H 2 in the standard quinol oxidase assay. In the electrochemical studies presented here, the reduced turnover and downshifted catalytic potential (Table 1) both point toward a slower kinetics. The DET response depends upon the ability of the enzyme to oxidize the bound UQ 8 , which is retained in these mutants. Interestingly, the ability of the various mutants to stabilize the ubisemiquinone intermediate is not always (see for instance D75H and Q101N in Table 1 ), correlated with the DET response pointing toward a complex role of the radical in catalysis [6,8,10,11].
Conclusion
The tightly bound quinone in cytochrome bo 3 oxidase was found to mediate the transfer of electrons to the oxygen reaction taking place immobilized on the surface of nanostructured gold electrodes. It is, thus, not surprising that the perturbation of the quinone binding site by different mutations, perturbs the electrocatalytic behavior and in some cases leads to experimental data that resembles the proteins reaction in absence of the tightly bound quinone. The reaction mechanism should involve a one electron transfer step from the quinone radical to the next, electron acceptor, the heme b. In some mutations, however, the absence of a radical signal, previously identified in EPR, does not necessarily lead to the absence of the oxygen reaction, indicating that the electron transfer does not need a stabilized radical. 
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